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The spectra ofthe diketone compounds biacetyl, acetylacetone, acetonylacetone, 1,2-
cyclohexanedione, and 1,4-cyclohexanedione have been investigated by the technique oflow-
energy variable-angle electron energy-loss spectroscopy. With this method low-lying, spin-
forbidden transitions have been observed. The energy difference between the lowest 
spin-allowed and spin-forbidden n-+ 1r* excitations in the acyclic diketones is found to be 0.35 
eV, on average, which is nearly the same as that of comparable acyclic monoketone 
compounds; in 1,2-cyclohexanedione, however, this energy difference is 0.84 eV, more than 
twice as large. This discrepancy in the magnitude of then-+ 1r* singlet-triplet splittings may be 
attributed to differing amounts of overlap between the initial and final orbitals. 
I. INTRODUCTION 
Due to their importance in photochemistry and photo-
physics, diketones have been studied extensively by both 
spectroscopic1-5 and theoretical6--9 methods. Compounds 
with two carbonyl groups provide useful structures for the 
study of intramolecular energy transfer, found to be a rel-
evant process in both singlet and triplet excited states 10 and 
interactions involving remote carbonyl groups. 11 Work has 
been performed, primarily photoelectron spectroscopy, 12 in 
order to identify the mechanism by which carbonyl groups 
interact with each other. Even though the "through-space" 
interaction is expected to be small between two carbonyl 
groups in the same molecule,8•13 the "through-bond" inter-
action leads to molecular orbitals with clearly split ener-
gies.14 
In order to more fully understand the nature of the in-
teraction between the carbonyl groups in diketone com-
pounds it is helpful to have a complete picture of the low-
lying electronic states, both allowed and forbidden. With the 
exception of biacetyl, the low-lying triplet states have not 
been definitively detected in most larger diketones. In biace-
tyl the two lowest singlet-triplet transitions have been ob-
served in ftuorescence2 and by optoacoustic spectroscopy.1 
Electron-impact spectroscopy is a useful technique for ob-
serving and identifying forbidden, especially spin-forbidden, 
transitions in spectra. It is known that a spin-forbidden band 
exhibits a relatively constant intensity with scattering angle 
while a spin-allowed band is strongly forward peaked, falling 
by two orders of magnitude between the scattering angles 1 o· 
to 90•. 15 The combination of these effects results in a relative 
intensity increase of a spin-forbidden band with increased 
scattering angle. Another advantage of the electron-impact 
method is that spectral features in the far ultraviolet are easi-
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ly examined. The compounds biacetyl, acetylacetone, ace-
tonylacetone, 1,2-cyclohexanedione, and 1,4-cyclohexane-
dione were chosen for study as representative samples of 
such compounds. 
II. EXPERIMENTAL 
The electron spectrometer and the methods of data ac-
cumulation and analysis have been described previously. 16 
Briefly, an electron beam is energy selected by a hemispheri-
cal electrostatic energy analyzer (and the associated focus-
ing lenses) and scattered from the target vapor in a collision 
cell. In this work the incident beam current was between 
0.5-10 nA and was typically 3 nA. Sample pressures were 
estimated to be between 1-10 m Torr. Electron energy losses 
were determined at angles between o· -90• by means of a sec-
ond electrostatic energy analyzer and detector. 
The spectrometer resolution (as measured by the full 
width at half-maximum of the elastically scattered feature) 
varied betwen 50 and 125 meV for all reported spectra and 
was typically 85 meV. Peak locations determined from the 
spectra have an estimated uncertainty of ± 0.07 eV and 
Franck-Condon limits are estimated to be within ± 0.15 
eV. 
Liquid samples of biacetyl (Matheson, Coleman, and 
Bell97 +% ), acetylacetone (J. T. Baker 99.7% ), acetony-
lacetone (Aldrich 97% ), and 1,2-cyclohexanedione (Al-
drich 98%) were subjected to three freeze-pump-thaw cy-
cles and used without further purification. 
1 ,4-Cyclohexanedione (Aldrich 98% ), a room temperature 
solid, was warmed to approximately 50 ·c during scanning 
to provide sufficient vapor pressure. 
Ill. RESULTS 
A. Biacetyl (2,3-butanedione) 
The biacetyl molecule is of C 2h symmetry with the two 
highest occupied molecular orbitals being largely nonbond-
ing and confined to the oxygen atoms. The degeneracy of the 
two oxygen nonbonding orbitals n1 and n2 is lifted by the 
interaction of these two orbitals. The levels arising from the 
symmetry-adapted linear combinations of these orbitals are 
J. Chem. Phys. 86 (12), 15 June 1987 0021-9606/87/126701-06$02.10 @ 1987 American Institute of Physics 6701 
Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
6702 Walzl, Xavier, Jr., and Kuppermann: Spectroscopy of diketone compounds 
designated n+ and n_, where n ± = 11Ji(n 1 ± n2), with 
symmetries a8 and bu, respectively. The energy difference is 
1.9 eV, with IP (n+, a8 ) = 9.55 eVand IP (n_, bu) = 11.45 
eV. 17 For two carbonyl groups bonded directly together the 
difference in energy between then+ and n _ orbitals is found 
to be relatively independent of torsional angle, 17 implying 
that the through-bond interaction dominates over the 
through-space interaction even for biacetyl. The next two 
lower occupied 1r orbitals have ionization potentials: 
IP(b8 ) = 13.20 eV and IP(au) = 14.73 eV. 18 The two low-
est unoccupied molecular orbitals have a tr* nature with 
tr*(b8 ) higher than tr*(au ). 
Figure 1 shows the low energy-loss region of the biacetyl 
spectrum between 2.0 and 7.0 eV at E0 = 25 eV and()= 10• 
and 90•. In the 10• spectrum [Fig. 1 (a) ] one observes two 
low energy-loss features and a shoulder on the edge of a very 
intensebandatabout7.0eV. ThelowestistheA 1Au -X 1A8 
transition with a measured onset at 2.67 eV, a maximum at 
2.91 eV, and extending to 3.45 eV. 19 Lying between 3.82 and 
5.28 eV with a maximum at 4.49 eV is a transition that ab 
initio SCF and CI results indicate should be designated 
B 1Bg -.X 1Ag .6 The broadness of this band may be due to 
the presence of an enolic 1r --+tr* excitation. 20 The sharp peak 
at 6.24 eV is the first 3s member of an s Rydberg series con-
verging to the lowest ionization potential, IP = 9.53 eV. As 
the scattering angle is increased three spin-forbidden fea-
tures become apparent [Fig. 1 (b) ] . 21 The lowest, overlap-
ping greatly with the A 1Au +-X 1Ag band, has an onset at 
2.28 eV and a maximum at 2.54 eV. It is attributed to a 
combination of the a 3Bu -.X 1Ag spin-forbidden excita-
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FIG. 1. 2,3-Butanedione (biacetyl) energy-loss spectra at an incident elec-
tron energy E0 = 25 eV and scattering angles: (a)(}= 10" and (b) 8 = 90'. 
Incident electron current = 2 nA. Spectra are multiplied by any indicated 
expansion factors before plotting. 
tion, 1 previously seen in fluorescence experiments, 2 and a 
3Au +- 1A8 excitation, 
19 the latter being the dominant con-
tributor. A second spin-forbidden band is seen in the region 
between 5 to 6 eV with a maximum at 5.47 eV. Calculations 
place several tr--+tr* spin-forbidden transitions in this re-
gion,6·22 particularly a 3Bu +- 1A8 excitation predicted to be 
at 5.56 eV.22 A last feature is observed at 5.80 eV and seems 
to be identifiable as the spin-forbidden counterpart of the 3s 
Rydberg excitation due to its relative sharpness. 
The spectral region extending from 5 to 10 e V (just be-
yond the lowest IP) is shown in Fig. 2 (a) under the optical 
conditions E0 = 100 eV and()= 3•. All the transitions ob-
served appear to be Rydberg in nature and indeed members 
of three series can be distinguished. Peaks at 6.24, 8.05, and 
8. 70 e V can be fit as the first three members of an s Rydberg 
series with a quantum defect 8 = 0.97. The s members are 
now much weaker than in the 25 eV spectra due to the fact 
that the n8 -+ 3s transition is parity forbidden by dipole selec-
tion rules. The first two members of a p series at 7.21 and 8.42 
eV are fit with8 = 0.58 and a feature at 7.72eVisassigned to 
a 3d excitation. Transitions at 6.28 and 7.20 eV have been 
observed previously be Ells. 3 
B. Acetylacetone (2,4-pentanedlone) 
As a room temperature vapor, acetylacetone consists of 
two structural isomers. One has the expected diketo molecu-
lar structure; however, acetylacetone exists predominantly 
as an enol. 23·24 In the diketo form the two highest occupied 
molecular orbitals have mostly oxygen nonbonding charac-
terandarelabeledn_ (IP=9.60eV) andn+ (IP= 10.15 
eV).23 The highest occupied molecular orbitals in the enol 
compound are of 1r type (IP = 9.00 eV) and nonbonding 
type (IP = 9.60 eV).25 
In Fig. 3 are shown spectra of acetylacetone between 3.0 
and 6.0 e V energy loss at E0 = 25 e V and() = w· and 90•. At 
1 o• [Fig. 3 (a) ] one sees a very strong band between 4.10 and 
5.73 eV with a maximum at 4.70 eV. It is identified with the 
lowest spin-allowed 1r-+ tr* transition in the enol molecule. 24 
One also observes a weak band with an onset at 3.83 eV and 
maximum at 4.04 eV due to the first spin-allowed n-+tr* 
band in the acetylacetone diketo form. 7•24·26 An increase in 
scattering angle [Fig. 3(b)] reveals the presence of a spin-
forbidden transition beginning at 3.15 e V with a maximum 
at 3.57 eV and overlapping with the diketo n ...... tr* singlet-
singlet (S-S) band. This feature can either be attributed to a 
tr-+tr* singlet-triplet (S-T) excitation in the acetylacetone 
enol or possibly a n-tr* (S-T) excitation in the acetylace-
tone keto form. An additional spin-forbidden excitation is 
evident at 5.52 eV and is assigned as a singlet-triplet 3s Ryd-
berg excitation in the enol. 
The 3.5 to 8.5 eV energy-loss region of the spectrum 
measured at E0 = 100 e V and () = 1 o· is shown in Fig. 2 (b). 
All the structure above 5.5 eV can be explained as being due 
to Rydberg transitions converging to the first IP of the enol. 
Indeed, peaks at 5.84 and 7.50 eV are the first two members 
ofans series with 8 = 0.93, peaks at 6.52 and 7.75 eV are the 
first members of a p series with 8 = 0.66, and peaks at 7.32 
and 8.10 eV are the first members of ad series with 8 = 0.15. 
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FIG. 2. (a) 2,3-Butanedione (biacety]) energy-loss spectrum between 5.0 and 10.0 eV at E0 = 100 eV and 8 = 3'. The peak at 6.67 eV is due to an Hg 
contamination in the vacuum system. (b) 2,4-Pentanedione (acetylacetone) energy-loss spectrum between 3.5 and 8.5 eV at E0 = 100 eV and 8 = 10'. (c) 
2,5-Hexanedione (acetonylacetone) energy-loss spectrum between 3.5 and 8.5 eV at E0 = 100 eV and 8 = 10'. (d) 1,2-Cyclohexanedione energy-loss spec-
trumbetween4.0and lO.OeVatE0 = lOOeVandB = 10'. (e) 1,4-Cyclohexanedioneenergy-lossspectrum between3.0and lO.OeVatE0 = 50eV andB = 5'. 
This disagrees with the assignment of Nakanishi et al. 27 who 
observed transitions at 7.4 and 8.08 eV and assigned, with 
the aid of a CNDO-CI calculation, the former as a valence 
1T-+1T* excitation and the latter as a valence u-+u* excita-
tion. 
C. Acetonylacetone (2,5-hexanedione) 
The similarity between the ultraviolet absorption of 1,4-
diketones and their corresponding monoketones is striking, 
suggesting that the two carbonyl groups in the diketones can 
be considered isolated in the ground and first excited 
states. 10 In fact, Schippers and Dekkers, 13 using a simple 
electrostatic model, 28 calculated that the splitting of the 
n -+ 1r* levels should only be 50 em- 1• This calculation re-
sults in an underestimate of the splitting, however, because it 
neglects any through-bond interaction. Indeed, Dougherty 
et a/. 12 using photoelectron spectroscopy found that for the 
(limited) group of 1,4-diketones they investigated the mean 
splitting of the nonbonding orbitals was 0.3 eV. This split-
ting is still relatively small, explaining why Schippers and 
Dekkers 11 found that the spectra of certain rigid, cyclic 1,4-
diketones appeared very similar to those of the complemen-
tary monoketones. 
The region of the acetonylacetone spectrum between 2. 5 
and 6.5 eV is displayed in Fig. 4. At E0 = 25 eV and()= too 
[Fig. 4 (a) ] one observes two broad bands and the onset of a 
J. Chern. Phys., Vol. 86, No. 12, 15 June 1987 
Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
6704 Walzl, Xavier, Jr., and Kuppermann: Spectroscopy of diketone compounds 
50 -----
(a) 2,4-PENTANEDIONE 
E0 = 25 eV 
8: JQO 
25 
u 
Q) 
Ill 
'-~ 
c:: 
:::3 
0 
u 0 
>- (b) 2,4- PENTANE DIONE 
~ 
u; E0 = 25eV 
z 8 = 90° w 
~ 
z 
...... 
b.E/eV 
FIG. 3. 2,4-Pentanedione (acetylacetone) energy-loss spectra at an inci-
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Incident electron current = 2 nA. 
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FIG. 4. 2,5-Hexanedione (acetonylacetone) energy-loss spectra at an inci-
dent energy E0 = 25 eV and scattering angles: (a) 8 = 10" and (b) 8 = 90•. 
Incident electron current = 4 nA. 
third. The lowest, between 3.97 and 5.15 eV with a maxi-
mum at 4.40 e V, can be assigned with confidence as the spin-
allowed n -+1T* excitation. The second band onsets at 5. 34 e V 
and possesses a maximum at 5.85 eV. Since the splitting 
between n,1T* states is expected to be very small, an assign-
ment for this band is the lowest 1T-+1T* (S-S) excitation. 
This transition is not observed in the smaller monoketones 
but expected to be at a relatively high energy loss (possible as 
high as 9.0 eV) superimposed by Rydberg bands. 29 The large 
peak beginning about 6.2 e Vis then .... 3s Rydberg excitation 
(vide infra). Increasingthescatteringangle [Fig. 4(b)] pro-
duces two changes. The first is an apparent change in the 
onset and maximum ofthe spin-allowed n -+1T* transition to 
3.55 and 4.16 eV, respectively. As previously discussed this 
is due to the presence of a relatively enhanced spin-forbidden 
n-1r* transition. The second spectral change is the relative 
increase in intensity in the region between 5.15 to 5.34 eV 
also caused by a singlet-triplet contribution. A definitive 
band maximum is not obtained from the spectra. 
The Rydberg portion of the acetonylacetone spectrum is 
included in Fig. 2 (c) which was measured under the optical 
conditions E0 = 100 eV and()= w· and spans the energy 
losses between 3.5 and 8.5 eV. In addition to those already 
mentioned, peaks are observed at 6.62, 7.49, and 8.17 eV. 
Assuming the transition at 6.62 eV corresponds to then--+ 3s 
excitation, the transition at 7.49 eV to the n-+3p excitation, 
and the transition at 8.17 e V to then .... 3d excitation, the best 
fit to the previously measured diketone (and ketone29•30 ) 
quantum defect is found using an ionization potential: 
IP = 9.95 eV. Specifically, for this IP one calculates 
8(n-3s) = 0.98, 8(n-+3p) = 0.65, and 8(n-+3d) = 0.24. 
An additional peak was observed at 8.84 eV and is possibly 
due to an overlapping combination ofhigher Rydberg transi-
tions. 
D. 1 ,2-Cyclohexanedione 
Even though 1,2-cyclohexanedione is exclusively in the 
ketonic form in the solid state, 31 it exists to a large extent in 
the enolic form in solution. 32 Calculations indicate that it 
may be primarily enolic in the gas phase as well. 33 Figure 5 
shows spectra in the energy-loss region between 2.5 and 6.0 
eV at E0 = 50 eV, () = 10" and E0 = 25 eV, () = 50". The 
similarity between the spectrum of acetylacetone and 1,2-
cyclohexanedione in this energy-loss region is striking. At 
E0 = 50 e V and () = 1 o· [Fig. 5 (a) ] one sees an intense band 
between 4.34 and 5.70 eV with a maximum at 4.84 eV. As 
with acetylacetone, this band is assigned to the lowest spin-
allowed 1T-+1T* enol transition. The weak band with an onset 
at 3.69 eV and maximum at 4.02 eV is due to the lowest spin-
allowed n-+1T* transition of the ketonic form. Even though 
the orientation of the carbonyl groups is different than in 
biacetyl, one expects nearly the same energy difference ( 1.9 
eV) between then+ and n_ orbitals because of the domi-
nance of the through-bond interaction. 17 Thus the second 
lowest spin-allowed n--+ 1r* transition should be at approxi-
mately 5.9 eV and obscured by enol Rydberg bands. An in-
crease in scattering angle and decrease in incident electron 
energy [Fig. 5 (b)] reveals the presence of a spin-forbidden 
band beginning at 2.70 eV with a maximum at 3.18 eV as-
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FIG. 5. 1,2-Cyclohexanedione energy-loss spectra at: (a) E0 =50 eV and 
8 = 10' and (b) E0 = 25 eV and 8 =50'. Incident electron current= 0.5 
nA. 
signed as the lowest n ..... 1r* (S-T) excitation of the ketonic 
form. The differential cross section (DCS) curves for these 
valence transitions confirm their spin-allowed or spin-for-
bidden nature. 
The higher energy-loss region between 4 and 10 eV, at 
E0 = 100 eV and(}= 10", is shown in Fig. 2(d). Only three 
distinct Rydberg bands are evident, located at 6.10, 6. 92, and 
7.48 eV. An ionization potential: IP = 9.40 eV is determined 
if one assumes the three bands are due to transitions to the 3s, 
3p, and 3d orbitals and also assumes quantum defects 
8 = 0.97, 0.66, and 0.34, respectively. 
E. 1 ,4-Cyclohexanedlone 
1,4-Cyclohexanedione hasD2 symmetry (a "twist" con-
figuration34) with coaxial carbonyl groups. Through-space 
interactions provide a minimum contribution, thus the split-
ting ofthe two highest occupied nonbonding orbitals is rela-
tively small (0.2 eV) when compared to that in other 1,4-
diketones, 12•17 with the measured ionization potentials being 
IP(n_) = 9.65 eV and IP(n+) = 9.85 eV. 12 Figure 6 shows 
the 3.0 to 6.5 eV energy-loss region of the 1,4-cyclohexane-
dione spectrum at E0 =50 eV, (} = 5" and E0 = 25 eV, 
(} = 35". The low intensity of the spectra arises from the rela-
tively low sample pressure achieved for this compound at the 
scattering center (estimated to be -2 mTorr). Under opti-
cal conditions [Fig. 6(a)] one observes a band with an onset 
at 3.73 eV and a maximum at 4.68 eV. This is due to the 
n ..... 1r*, 1A +- 1A dipole symmetry-forbidden transition and 
has been seen previously in solution (maximum= 4.34 
eV) 35 andlow-temperaturesinglecrystals (onset= 3.89eV, 
FIG. 6. 1,4-Cyclohexanedione energy-loss spectra at: (a) E0 = 50 eV, 
8 = 5' and (b) E0 = 25 eV, 8 = 35'. Incident electron current= 5 nA. 
maximum= 4.40 eV).36 The onset of a broadband, which 
appears to be superimposed by a 3s Rydberg transition, is 
observed at 5.66 eV and may be due to the 1T-+1T*, 1B1 +- 1A 
excitation. When the incident energy is lowered and the scat-
tering angle increased [Fig. 6(b)] then -+1T*, 3A +- 1A transi-
tion becomes evident, onsetting at 3.20 eV and maximizing 
at 4.13 eV. The presence of another spin-forbidden band 
with maximum at 5. 78 e V is indicated. Contributions to the 
intensity may come from either the 1T-+1T*, 3 B1 +- 1A excita-
tion or the n ..... 3s (S-n Rydberg excitation. 
The 1,4-cyclohexanedione spectrum under optical con-
ditions [Fig. 6(a)] is extended to 10 eV energy loss in Fig. 
2(e). Additional peaks are observed at 6.58, 7.36, and 7.95 
eV. (The peak at 6.67 eV is due to an Hg impurity in the 
vacuum system.) Using an IP = 9.75 eV, the mean of 
IP(n_) and IP(n+ ), 12 assignments and quantum defects of 
n ..... 3s (8 = 0.93) at 6.58 eV, n ..... 3p (8 = 0.61) at 7.36 eV, 
and n-3d (8 = 0.25) at 7.95 eV are determined. 
IV. DISCUSSION AND CONCLUSIONS 
As one might expect from previous results, 10 the ener-
gies of the lowest n ..... 1r* excitations for the acyclic diketones, 
as the distance between carbonyl groups increases, approach 
those of acetone. The lowest spin-allowed and spin-forbid-
den n ..... 1r* excitations are 2. 91 and 2.54 e V for biacetyl, 4.04 
and 3.57 eV for acetylacetone, 4.40 and 4.16 eV for acetony-
lacetone, and 4.38 and 4.18 eV for acetone.29•37 The values 
for these transitions in 1,4-cyclohexanedione are also com-
parable to those for acetone, the lowest singlet-singlet and 
singlet-triplet n -+1T* excitations being 4.68 and 4.13 eV, re-
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spectively. This trend appears to hold also for the lowest 
spin-forbidden 1T--+ tr* excitation, at least as regards the band 
onsets (the most reproducible measure of the band posi-
tions); the onset is 5.15 eV for both acetonylacetone and 
acetone. 
The mean value for the singlet-triplet splitting ofthe 
n,tr* state in the acyclic diketones examined in this paper is 
0.35 eV, a splitting comparable to the mean value of0.30 eV 
for the small monocarbonyls formaldehyde, acetaldehyde, 
and acetone. 29•38•39 A remarkable contrast is provided by 
1,2-cyclohexanedione, in which the singlet-triplet splitting 
for then, tr* state is 0.84 e V. The singlet-triplet energy differ-
ence for a given electron orbital configuration results from 
the stronger correlation of electron motions in the triplet 
state than in the singlet state; i.e., the Pauli principle acts as a 
force minimizing electron-electron repulsion in the triplet 
state.40 A simple qualitative analysis41 reveals that the mag-
nitude of the singlet-triplet energy splitting is proportional 
to the overlap integral of the initial and final orbitals. For a 
single carbonyl group oriented along the z axis, the highest 
occupied nonbonding orbital is represented by an oxygenpy 
orbital and there is minimum overlap with the 1T and tr* 
orbitals, for which the yz plane is a nodal plane. This small 
n,tr* overlap also applies to the case ofbiacetyl. The highest 
occupied n orbital and lowest unoccupied tr* orbital are lin-
ear combinations of the corresponding isolated orbitals; 
however, since the carbonyl groups are oriented in a trans 
arrangement, the linear combinations of n and tr* orbitals 
overlap to the same small extent as in the monocarbonyls. 
In 1,2-cyclohexanedione a different orientation may ex-
ist, due to the constraint imposed by the ring. Unlike the 
carbonyl groups in biacetyl, which lie in a plane, the two 
carbonyl groups in 1,2-cyclohexanedione can be twisted 
away from coplanarity. The overlap of the highest occupied 
n orbital (a linear combination of individual carbonyl non-
bonding orbitals) with the lowest unoccupied tr* orbital (a 
linear combination of individual carbonyl tr* orbitals) 
would now be larger, thus a larger n,tr* singlet-triplet split-
ting. Whether the effect of the increased orbital overlap is 
enough to account for an increase of the n,tr* singlet-triplet 
splitting by a factor larger than 2 or whether additional fac-
tors are at play is uncertain. 
In summary, the low-energy variable-angle electron en-
ergy-loss spectroscopy of five diketone compounds with 
varying carbonyl seperations and orientations has been in-
vestigated. The increase in the number ofbands compared to 
the monocarbonyls is in accord with the splitting caused by 
the through-bond interaction of like orbitals. Low-lying, 
spin-forbidden excitations have been observed and, in the 
case of 1,2-cyclohexanedione, a very large singlet-triplet 
splitting arises from an increased overlap of initial and final 
orbitals. 
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